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ABST3UCT 

An effective improvement in the life and reliability of re- 
ceiving-type vacuum tubes has been obtained on the Whirlwind Computer 
Project at M.I*T* by applying a combination of three principlee- 
<1) using only those tubes i^ich have been determined to have a good 
life expectajKsy, (?) avoiding operating procedures that are detrimental 
to tube life, and (3) choosing circuit designs which as far as possible 
are insensitive to changes in tube characteristicsa 

Procedures for tube selection have been worked out along two 
llnei«j, the first to predict whether cathode-interface deterioration 
will occur and the second to detect tubes with mechanical weaknesses 
or improper processing. The formation of an interface, wHch produces 
the efi^'ftct of a parallel resistance-capacitance network in the cathode 
circuit of a tube, was first observed on the Project in early 19^6; it 
is the most serious type of deterioration that has been encountered^ it . 
has been found that a 500-hour life test at an elevated cathode tempera* 
ture on a nample of tubf»e from a given production lot is a satisfactory 
method for determining whether tubes from that lot will remain essentially 
free of interface deterioration for several thousand hours of normal 
operation* Before final selection of tubes is made, erch tube is pre»- 
burned for about 100 hours . This tends to stabilize plate current as 
well as to precipitate failures that would result from mechanical de- 
fects or ^8 within the tube. 

To extend the life of the tubes selected for use, cautious 
operational procedures are observed. In particular, the tubes are not 
left for extended periods with heater voltage alone arrplied, since this 
conditicn promotes the formation of cathode interface. Since the tubes 
must be turned on and off daily, heater voltage ~ls applied and re- 
moved gradually over automatically controlled ^^'Winute cycles to reduce 
thermal shock to the filaments-, 

As a final consideration, wide operating margins hfive been 
provided in the circuit designs both with regard to tube performance and 
to dissipation ratings- Records of the performance of selected tubes 
over a period of more than IOdOOO hours show that they have a life ex- 
pectancy considerably greater than would be predicted by most design 
engineers. 
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A widespread iBjpre«»lon among design engineers, including those 
in the electric^ field, is that of all the common electronic components 
'Che receiving-type vacnnjn tahe is the least dependable^ Consequently 
if equipment Is to be huilt in vhich reli ability is an important con^- 
sideration, there is a strong tendency to avoid electronic ci real ts if 
po^clble,. 

Of course, the vacuum tube is the most complicated of the 
circait conrponenta to construct y bat why should not a vacuum tube be as 
reliable at other precision devices^ for example, a watchT A partial 
ai?.ewer is that the majority of the commf»rclally available tubes are not 
preelsion products but are like Ineacpensive watches intended primarily 
for a large number of oonsumers who are intercepted mainly in economy 
rather than dependability. In addition, the final steps in the manufac- 
ture of receiving tubes involve chemical processes over which there is 
no direct control^ so that variation among tubes Is inevitable^ 

From the engineering point of view^ extending tube life is only 
a part of the problem. Actually it is the life of the c irc uit of which 
the tube is a part that is important,, One way of extending circuit life 
is to select only those tubes wMdi will not fail within a specified 
length of time, la this way circuit life is extended without changes in 
tube production techniques.. Tube life itself may be extended in some 
cases by observing certain precautions in operating the tubes-^ A com- 
bination of these two procedures^ careful selection and cautions use^ 
lias been successfully employed by Project Whirlwind to obtain Improved 
life and reliability from electronic circuits., 

OFDS OF TU BS FAlLtJPES 

The question of what changes tafee place as tubes age has to 
be answered before adequate selection methods can be worked out. Bsperienee 
has shown that tube failures may be roughly classified as follows:; 

1« Change in characteristics 

2^ Mechanical defects 

3> CJas within the tube 

k,. Heater burn»out 

5< Physical daraflge. 

Tlie first of these is a broad classification cover! i^ decreases 
in emlssdonj, change in cutoff ^ etc-. Buch changes are usually the result 
of deterioration of the cathode structure in the tube« Mechanical de- 
fects fiijnd rise of ga.e pressure within the tub© can fc® attributed to 



faulty cone true t ion aad proce8«ine« Some of these cannot 'be detected 
"by ordinary test^ne methods until the tuhe has. been in ue© for some time«, 
Heater hum-out may he induced hy repeated sadden application of full 
Yoltage to the filament » vhich inakes the Initial heating of the filar- 
went nonr-uniform, so that stret^eee are set up which weaken the stiucture 
and hasten its failure^ Physical damage, of course, is largely acci- 
dental » It includes such causes as breakage and inadvertent applica<' 
tion of excessiye voltagesc The careful selection and operating pro^ 
cedures used on our project have reduced the incidence of failures in 
all of these classes « 

GH&3IG>:iS IK CHilRACTERISTICS 

Changes in characteristics which take Tlace over a loi^ period 
of use cause the oajortty of tube failures, so I should like to devote 
most of my remarics to this problem , Figure 1 shows the circuit of a 
simple pulse amtpllf ier used to amplify and invert a positive rectangular 
pulse > An analysis of the action of .this circuit may be made simply 
by considering that the control-grid bias is suddenly changed from one 
constant value to anothero He^eoting what occurs during the transit 
tion period, it is obvious that the -nlate current which flows in the 
tube should likewise Juiop from the value corresponding to one grid 
voltage to that corresponding to the new grid voltage « The waveform of 
the plate current may be examined on a suitable cathode^ray tube Byn» 
chrbscope by observing the voltage developed across the plats load 
resistance^ Figure 2 sho%f8 a typical waveform obtained with a new 
tube. The duration of this pulse is 2^5 microsecoods and the transit- 
tions take place In about 0«05 mloroaecond. The vertical deflection of 
about four divisions corresponds to, a rlate current of less than 2 per»" 
cent of the peak «pace-charse»'limited emission for this tube-^ 

An example of one type of deterioration which takes place in 
eome tubes is shown in Figure 3^ This is the waveform of plate current 
produced by an aged tube using the same grid signal as for the preceding 
fi^re. Initially the current jumps to approximately the same value as 
for a new tube, but then it decays escponentially to le«8 than one^third 
of its initial value ^ When such a tube is checked on a standard tube 
tester, readings corresponding to the reduced value of plate current 
are obtai ned» The evidence, then^ is that the tube has lost some of ita 
emitting capabilities, although actu^y the pulse test shows that this 
is not the case^ These results indicate that a type of deterioration 
other than the classical decay in emission takes place, but the two 
phenomena cannot be distin^ished by the static measurements obtained 
with a commercial tube tester* 

The waveform of Figure 3 would resudt if a ^arallcSt resistance - 
capacitance combination were present in the cathode circuit of the tube 
THa circuit is illustrated in Figure h„ Initially the cat iiode^ to- ground 



TToltag© is zero^ but during tlie pulge the capacitance becomes charged 
to cause an effective negatlTe blae between grid and cathode. Plate 
current th^r^fore falls off as a roeuit of this Mas voltage^ Approxl- 
j.;ata values for th© effective resistance and capacitance can. be deter- 
ifiined from measurements of the decrease in plate current and of tjhe time 
constant for its decay., Reeietanc© values up to a few hundred ohra© and 
capacitances of the order of 0«01 inicro farad are typical o Time-conBtants 
for the decay fall in the rane« from Qc.3 ^'O QoS micro eecondo Considered 
in terms of frequency response, this circuit in an amplifier stage wouljd 
act as an unbypassed cathode resistance except at frequencies greater 
than 200 or 30O kilocycles,, 

A theory which accounts for the effects I have just described 
ie that as the tube ages an interface layer is formed between the cathode 
sleeve and its oxide ooatingi this layer being a chemical combination 
of active netals and impurities in the cathode structure o This is 11-- 
lustrated in Figure 5.. The presence of such a layer actually introduces 
a physical resistance'!' capacitance netwoz^ into the cathode circuit of 
the tuba„ This theory was suggested to us by Prof^ W, B, Nottingham of 
the Pbyalcs Department of M.I.T.-, Previously Pr. Albert Bisensteini, 
working at the M^I..T^ Radiation Laboratory during the war, had studied 
the formation of interface in magnetrons which waft cansing voltage breaks 
down in their cathodes. 

Our first observatioiis of cathode-interface deterioration 
were made over two years ago 9 when circuits became inoperative after 
the tubes had been In use for about 1^0 hourso The tubes concerned were 
high-transconductance pentodes<» The results of initial tests were pub«^ 
lished in a project report in June IS^S, Since that time similar effects 
have been observed in other types of tubeSj, both pentodes and trio dee-. 
Some of the more significant characteristics of this type of deterioration 
are the followingi 

1, The rate at which deterioration occurs is substantially 
faster if the tube is operated at a low duty factor rather 
than as a Class "A" amplifier*. In some cases, 500 to 1000 
hours is sufficient for a low« da ty^*- factor circuit to her- 
com© inoperative- At first it was thought that the inter- 
face fonaation occurred only at low duty factors... Controlled 
life tests in which some tubes were completely cut off 
while others passed current continuously showed that the 
decay effects appear in both cases^ although it takes a 
considerably longer period of operation in the latter e 



2. *D©ter5.oratloa Is faster at elevated cathode teinperaturefio 
Teste in which tubes were operated at heater voltages of 
SoO volts instead of their norxaal 6^3 volts showed thrt 
the rate of interface formation increased by about one 
order of iaagnltude<s Data taken on one tube t^e has indicated 
th;^ a !^0-<^hour test under such conditions is suitable for 
predicting that a given lot of tubes will remain essentially 
free of interface effects for several thousand hours when 
operated under rated conditions, 

3o A relatively high p<»rcentage of silicon impurity in the 
cathode sleeve, such as is found in the so-called "active" 
cathodeS) causes rapid deterioratiouo This has been con«» 
firmed by spectrographic analyses of the cathode structures 
of both new and deteriorated tubes and by life teste on 
special lots of tubes in which active » normal^ and passive 
alloys wera used for the cathode sleeves « These alloys 
are distingai shed mainly by their silicon contents, the 
active alloy having the highest silicon content and the 
pai^sive having the lowest.. Xt is not true that use of 
cathode alloys with low silicon contents will guarantee 
freedom from this sort ot decay since some lots of tubes 
with each alloys have shown deterioration while others 
have not a This implies that Inpurlties necessary for lnter=- 
face formation may cone from other sources within the tube 
envelope^ so that both the selection of materials used in 
the tube eonstxuction and the methods of processing the 
tube may be important manufacturing considerations^ 

h^ Some characteristics typical of semi- conductors have been 
observed^ In particular, the resistance component shows 
a negative temperature coefficient j that iSj the effective 
resistfiuace present is less for higher cathode temperatures = 
Since high cathode tmperature speeds the formation of inter- 
faca^ it is obvious that o'oeration In this manner is not a 
practical method of minimizing interface effect So However j 
the use of subnormal heater volteg^s daring tests for the 
presence of interface does increase the sensitivity of the 
measurement o 

Cathode Interface formation has been the most frequent type 
of deterioration encountered on the "orojecto By choosing tubes which 
are known to be constructed with low-"Billcon«-content cathode sleeves, 
and by operating eair^les of erch production lot for 500 hours at elevated 
heater voltages and testing them for interfaces i it is possible to select 
tubes which can be expected to be reasonably free of this type of deteriora- 
tion for several thousahd hours of li-^e. The assumption that, in general^ 
the same characteristics ar^ear in all tubes of a given production lot 
seems to be a valid one, since it has been sabfltantlated by historical 
recordai which we have compiled during the past two years on a few thousand 
tubes 



Other Bolectioa procedures are used for showing up som© short- 
tip« clianges In tub© characterlBtics and for picjking out some tubes 
which have mechanical defects or are gapsy, but which satiBfactorily 
passed their Initial tests- Those tubes w'ich pass the initial tests are 
preburned for a period of about 100 hours <> A steady current is passed 
throufjh the tubes- so that the plates and screens operate between one-half 
and full rated dissipation<. Then before being selected for use all 
tubes are thoroughly checked by teste similar to those listed in JAJS 
specifications* The r»et important function accomplished by preburning 
is the stabilization of rlate current. Changes in plate current of 10 
to ?0 percent during this period sre not uncoiT»ir>on in some tube types . 
Usually the drift is in the downward direction and is most rapid during 
the first 10 or POhoitrs^ Shifts in contact potentials and variationB 
in cathode activation contribute to these changes.. 

RxajTples of mechanical defects which may not be observable until 
the tube has been in operation for a short tiiT»e are warping or sagging 
grid structures, poor welds, and cracked giawe envelopes.. Also included 
in t^is classification are monentary shorts between electrodes which re- 
sult, irtien the envelope is ta^^ed lightly.. In several cases it was found 
that these tap shorts were caused by foreign matter such as lint within 
the tube» Bor many applications tap shortf are not objectionable, but 
in circuits which are sensitive to pulses, a tap short may cause a 
transient which will be transmitted through the system as erroneous informa- 
tion.. Since a conventional neon-lainp tester does not give a positive 
indication of* such shorts, a special thyratron trigger circuit was 
built for detectli^ the defective tubes. 

QPKRATION PPBCAUTIONS . 



Obviously, the effective life of tubes in a given circuit can 
be increased by using on^y those tubes which have been selected for long 
life, but it can be further increased by observing certain precautions 
In their ope^atlon.^ It has been noted that low-duty- cycle conditions are 
the most unfavorable because they promote formation of ccthode interfaces » 
Therefore extended periods in which heater voltage alone is applied 
are avoided whenever possible. In the Whirlwind system this is accomplished 
b: turning he titer voltages on and off daily« To reduce thermal shock 
to the heaters, voltage is aprilied and removed gradually over ante* 
mat i colly controlled 5'^minute cycleK* It is felt that this procedure 
has greatly reduced the danger of heater burn«^outs usually present when 
full voltage is applied suddenly. In a system of over 3000 tubes which 
is turned on and off each day^ only one such tube failure has occurred 
in about nine months. 

OyiST>ATITC KXr^^RISKCE 

ITnfOTtbunately no life data are available on tubes which were 
not carefully sel^^cted, so that a quantitative ©valuation of the effective- 
oees of th« -nroceduree I have dt^scribed cannot be made. However, an 
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examixm.tion of the performance of aojne selected tuljea over a period of 
10,000 hours shows that they have a life eacpectancy coueiderahly greater 
tten would be predicted hy most design engineerso 

Figure 6 ghovB the ;iife characteristics of three tyres of tubes 
operating in typical computer, circuits which are being used to study 
system reliability, The 6a.s6 and 7AD7 tubes w^re purchased froin commercial 
productions, while the jAXiJ tubes are special pilot-plant production. 
The curves are plots of percental of tubes remaining against hours of 
service^ It can be s^en th- t for both the 7^X7 aad the 7A^D7 types^ more 
than 65 percent of the tubes* remain in operation after 10,000 hours.. 
It should be pointed out that a tube failure does not isroly a concurrent 
operational failure of the system , In fact the majority of the tubes 
retired were removed because of changes in characteristics which were 
detected by periodic testing of the type which will be described by Mr> 
Sraoner 1b his paper on marginal checkings 

The fact that the £ks6 ha.s showc. a higher rate of failure is at 
least partly because its circuits have a smaller operating margin than 
is the case for the other tubes. This brings out the important point 
tiiat tube life in a gilven circuit is Influenced to a considerable degree 
by the circuit design which is used. In choosing a circuit design^ if 
it w«re po»0lble to approach the limit in which changes in tube charac- 
teristics had 06 effect on circuit performance y then mechanical defects^ 
IxJirn-out, breakage, etCo would be the only causes of failure, bM «.h« 
effective tube life would be much longer than I have described. 

Successful operation of an electronic comrjuter places a high 
premium ea circuit reliability. Our escperience has shown that an acceler-- 
ated life test fo^^ cathode interface on samples from each product iosi 
lot of tubes and a thorough examination of each tube after 100 hours of 
preburnlng are effective in rejecting tubes w^lch are potentially short 
lived- By using such selected tubes in circaits designed to have %dd« 
ope'-ating margins and by avoiding operational practices which a^e knowK> 
to accelerate tube deteriorationj a substantial improvement in the life 
arid reliability of electronic equipment may he obtained. 
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Fig. 5« Section through cathode with interface 
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